the Apc1 loop is a crucial determinant of Cdc20 loading and activation of the APC/C.
We found that, in coimmunoprecipitation assays, Apc1 loop-7A (the Apc1 loop carrying 7A mutation) bound to the APC/C in anaphase extract, whereas the WT Apc1 loop fragment did not (Fig.  3E) . Conversely, these phosphomimetic mutations abolished the interaction with the APC/C (fig. S14), which highlighted how the interaction of the Apc1 loop with the APC/C depends on its phosphorylation status. In the atomic structure of human APC/C Cdh1.Emi1 determined using cryoelectron microscopy (25) , residues corresponding to the Apc1 loop are disordered and not observed in the electron microscopy density map. However, given the putative location of Apc1 loop proximal to the regulatory N-terminal domain of Cdh1 (Cdh1 NTD ) (25) (fig. S15 ), phosphorylation-dependent structural changes of Apc1 loop could influence the APC/C binding sites for the NTD of coactivator located on Apc8 (25, 26) , the PC domain of Apc1 (25) , and Apc6 (26) . Consistent with this idea, Cdc20-NTD binding was reduced in APC/C Apc1-7A compared with APC/C WT ( Fig. 3F ). Our results reveal the presence and importance of the coordinated phosphorylation of Apc3 and Apc1 within the APC/C complex for the control of the APC/C in mitosis (Fig. 4) . Extended flexible loops in both subunits have a key role; one acts as a scaffold of p9-CDK1 and the other for phosphorylation-dependent interaction with Cdc20-NTD. Previous studies in yeast and Drosophila provide in vivo evidence that CDK1 phosphorylation of the APC/C is required for its mitotic activity (22, 27, 28) . Our present study extends past findings of (13) (14) (15) (16) 22) and uncovers the mechanistic insight and the functional consequences of APC/C phosphorylation in vertebrates. Cdc20 [not Cdh1, which is a tumor suppressor (29) ] is a promising anticancer therapeutic target (7, 8, 10, 30) . The Apc1 loop may provide a target for strategies to specifically inhibit APC/C-Cdc20.
K. Ohsumi for securin-specific antibodies; J. Endicott for purified CDK1-cyclin B; F. Esashi for helpful advice on affinity purification of antibodies; Z. Zhang The position and orientation of the mitotic spindle is precisely regulated to ensure the accurate partition of the cytoplasm between daughter cells and the correct localization of the daughters within growing tissue. Using magnetic tweezers to perturb the position of the spindle in intact cells, we discovered a force-generating machinery that maintains the spindle at the cell center during metaphase and anaphase in one-and two-cell Caenorhabditis elegans embryos. The forces increase with the number of microtubules and are larger in smaller cells. The machinery is rigid enough to suppress thermal fluctuations to ensure precise localization of the mitotic spindle, yet compliant enough to allow molecular force generators to fine-tune the position of the mitotic spindle to facilitate asymmetric division.
T he position and orientation of the mitotic spindle determines the plane of cell division, which, in turn, determines how the cytoplasmic contents are partitioned to the daughter cells (1) and how the daughter cells are localized within the tissue (2) . After the spindle reaches the cell center before metaphase, its position and orientation must be precisely maintained (3) until the cell enters anaphase. The molecular forces underlying the maintenance of spindle position and orientation are not known.
Although much is known about how force is generated by purified proteins (4) and in cell extracts (5), little is understood about how molecular forces are integrated in vivo to serve complex cellular processes, such as spindle positioning. This is due to the difficulties of exerting and measuring forces in intact cells. Indeed, with the exception of the landmark paper by Nicklas in 1983 (6) that measured forces associated with spindle elongation during anaphase, there has been no direct quantitative measurement of forces on mitotic spindles in cells [see (7, 8) ].
To measure mitotic forces in vivo, we injected 1.0-mm-diameter superparamagnetic beads (9) and used magnetic tweezers (10) to exert calibrated forces of up to 200 pN to mitotic spindles in one-and two-cell Caenorhabditis elegans embryos, a model system for studying mitosis (1) (Fig. 1A and figs. S1 to S4) (see supplementary methods). We applied forces of 20 to 60 pN to the centrosome at one of the spindle's poles for up to 20 s during metaphase, when the spindle is in a relatively quiescent phase at the cell center (Fig. 1A) . In response to force, the spindle rotated as the centrosome was displaced up to 3 mm from the anterior-posterior (A-P) axis (Fig. 1, B and C, and movie S1). Thus, it was possible to perturb the position and orientation of the spindle by using magnetic forces.
The kinetics of spindle displacement indicated that the mitotic spindle is held at the cell center by viscoelastic forces. First, after the onset of the force, the centrosome moved with an approximately constant velocity during the first few seconds ( Fig.  2A, average displacement) , which suggested that the spindle is subject to viscous forces. Second, the displacement speed decreased after several seconds (Figs. 1C and 2A) , which indicated that there is an elastic force (i.e., a spring) that opposes the external force. Third, after cessation of the force, the centrosome partially relaxed back toward its initial position (Figs. 1C and 2B ), which suggested that the elastic element returns part of its stored mechanical energy. Finally, higher external forces were required to displace the centrosome through larger distances, as expected for an elastic element ( fig. S5) .
To estimate the stiffness of the elastic element, we fit the spindle's rising phase ( Fig. 2A ) with a Voigt model ( Fig. 2A , left inset), in which a spring and a viscous damper are in parallel. A curve fit of the data to the Voigt model gave a stiffness (k) of 16.4 ± 2.1 pN/mm ( Table 1 , uncertainties are SEs): 16 pN force, on average, was needed to displace the centrosome 1 mm from the A-P axis. We call the force the centering force and the stiffness the centering stiffness. The drag coefficient (g) of the damper was 134 ± 27 pN·s/mm (Table 1 ). The associated time constant (k/g) was 8.1 ± 1.5 s. The time constant of the relaxation phase was 14.5 ± 2.8 s (Fig. 2B , solid red line), longer than the rising phase (see discussion in supplementary text). The dynamics of the spindle are very different from the dynamics of beads in the cytoplasm, which relax incompletely and much more quickly (0.65 ± 0.08 s) (Fig. 2B, fig. S6 , and movie S2). Thus, a centering machinery opposes motion of the spindle away from the cell center and has viscoelastic properties distinct from those of the cytoplasm.
We propose that the centering machinery acts like a set of four damped springs that oppose movements transverse to the A-P axis (Fig. 2B , right inset, black). These springs orient the spindle so that when one centrosome is perturbed, the spindle pivots around the other centrosome (Fig.  1B) . Correct orientation along the A-P axis ensures that the cleavage plane is perpendicular to the A-P axis during cytokinesis.
As the cell cycle progresses from metaphase through anaphase, several morphological and mechanical changes take place (11) (12) (13) (14) . Concomitant with these changes, we found that the centering stiffness increased fivefold (Fig. 3A , Table 1 , fig. S7 , and movie S3): During anaphase, forces on the order of 100 pN were required to displace the spindle 1 mm. These forces are similar in magnitude to the forces measured during chromosome segregation by Nicklas in grasshopper cells (6) . An increase in the centering force may help to stabilize spindle position against high centrifugal forces that occur during the anaphase, such as those driving transverse oscillations (12) (13) (14) .
Mitotic spindles remain centered throughout C. elegans development, during which cell and spindle size decrease (15) . To study the influence of the cell size on the centering force, we performed the force experiments in the smaller cells of the two-cell embryo, P1 and AB (Fig. 3A, figs. S7 and S8, and movie S4), which have different cytoplasmic and cortical compositions (1). We found that the centering stiffness increased about twofold in both cells (Table 1) , which indicated that the relative precision of centering may be independent of cell size and cell type.
Dynein-based cortical force generators, which drive posterior spindle displacement during anaphase (12, 14) , are not necessary for the initial centration of the spindle (13) but have been proposed to contribute to the maintenance phase (4, 16) . To the contrary, we found that the cortical force generators antagonize, rather than augment, the maintenance of centration: The centering stiffness in gpr-1/2 (RNAi) embryos, in which the force generators are inactivated by RNA interference, was about twice that in control embryos ( Fig. 3B and Table 1 ). Consistent with the destabilizing effect, spindles arrested in metaphase using fzy-1 (RNAi) (3) were quiescent only when the cortical pulling forces were absent [gpr-1/2+fzy-1 (RNAi)] (fig. S9 ). The gpr-1/2+fzy-1 (RNAi) embryos had similar high centering stiffness to gpr-1/2 (RNAi) embryos, and they underwent almost complete recovery of the spindle position after 45 s (Fig. 3B inset, Table 1 , fig. S6B , and movie S5), as expected for the Voigt model. Finally, the centering stiffness did not change in gpr-1/2 (RNAi) embryos even during anaphase (Fig. 3A) , when the cortical forces are strongest (12, 14) . Together, these experiments show that the cortical force generators are not required for the maintenance of centration, and suggest instead that the cortical force generators play an anticentering role, namely, the posterior displacement of the spindle that leads to asymmetric division.
We used RNAi to explore the roles of microtubules in the centering machinery. When we increased the number of astral microtubules by RNAi against klp-7 ( fig. S10 ), which encodes a depolymerizing kinesin, we found that the centering stiffness increased about twofold (Fig. 3A and Table 1 ). Thus, the centering stiffness scales with the number of microtubules. We also found that the number of microtubules reaching the cortex in P1 cells, which have higher centering stiffness, was twice that in one-cell embryos ( fig. S11) . bryos during anaphase is associated with a combination of more microtubule nucleation (11) and longer times that microtubule ends remain at the cortex (17) (fig. S12) . Thus, the mechanical properties of the force-generating machinery appears to depend on microtubules. The centering machinery is remarkably compliant. Microtubules are among the most rigid cellular polymers [Young's modulus E ≈ 2 GPa, (18) ], so that even a single microtubule (crosssectional area A ≈ 200 nm 2 ) spanning the distance R = 15 mm between the centrosome and the cortex will have a static compressive stiffness of EA/R ≈ 25,000 pN/mm. This is more than 1000 times the measured centering stiffness, which is associated with an entire microtubule array. This suggests that the the distance R = 15 mm between the centering stiffness is due to dynamical properties, such as buckling of microtubules under compression or conversion of growing microtubules to shrinking ones (17, 19) .
A dynamic array of astral microtubules that grow out from the centrosome and transiently push against the cortex can account for the centering machinery (17, 19) . Such an array has springlike properties: When the spindle moves away from the center, more microtubules push against the closer cortex, as it takes less time for the microtubules to reach the closer cortex. This imbalance generates a net force-the centering force-that directs the spindle back to the cell center. The force imbalance increases with larger displacements away from the cell center, which gives rise to springlike behavior: the centering stiffness (17, 19) . The predicted centering stiffness of an ensemble of M pushing microtubules is k ≈ Mf/R (17, 19) , where f ≈ 1 pN is the polymerization force (20) or the buckling force of a 15-mm microtubule (18) . A stiffness of 16 pN/mm is therefore consistent with an average of~200 microtubules in contact with and pushing against the cortex at any time, as observed in (21) methods). This number corresponds to about 10% of the total number of astral microtubules (22) . The pushing model accounts for the high centering stiffness of klp-7 (RNAi) embryos (they have more microtubules) ( fig. S10A) , as well as the higher stiffness of smaller cells (Fig. 3 ) (they have a higher density of microtubule ends at the cortex) ( fig. S10B) . The model also predicts drag forces: Movement of the aster increases the rate of arrival of ends at one cortex and, therefore, leads to an effective drag force (17) . The measured drag coefficient is in quantitative agreement with this prediction (see supplementary text). Thus, our results support a model in which microtubule polymerization against the cortex generates the centering force.
In a remarkable adaptation of mechanical properties to cellular function, the magnitudes of the stiffness and damping of the centering machinery are ideally suited for cellular function. A centering spring with stiffness 16 pN/mm is rigid enough to stabilize the spindle against thermal forces: The displacement fluctuations of a spring due to Brownian motion have a standard deviation of √(k B T/k) where k B is the Boltzmann constant and T is absolute temperature), which is about 16 nm for the single-cell embryo. Thus, the precision of centration is not limited by thermal fluctuations. Indeed, fluctuations from other sources, such as stochastic variation in the number of force generators (i.e., microtubules) with a predicted standard deviation of R/√M ≈ 1000 nm (17) , are expected to exceed the thermal fluctuations.
On the other hand, the centering spring is compliant enough to allow adjustments of spindle position by a small number of motor proteins. During metaphase, the spindle moves through displacement d ≈ 3 mm along the A-P axis into the posterior half of the embryo to set up asymmetric cell division (3) . If the centering stiffness is similar along the A-P axis as transverse to it (Fig. 2B, gray springs) , which is reasonable given the symmetry of the microtubule asters, then such a posterior displacement requires a force imbalance of kd ≈ 50 pN. This could be exerted by as few as 10 to 20 cortical force generators (14) . The drag coefficient is also well adapted. If it were much lower, then transient force imbalances due to motor stochasticity would not be smoothed out; if it were much higher, then it would prevent posterior displacement from being completed on the minute time scale.
In conclusion, a force-generating centration apparatus with spring-like properties maintains the spindle at the cell center. The centering stiffness is high enough to ensure the precise maintenance of spindle position against thermal and other fluctuations while spindle assembly is completed and the cell prepares for chromosome segregation. Yet it is low enough to allow force generators to fine-tune the position of the spindle to facilitate asymmetric cell division. 
